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Abstract--Symmetric or partially symmetric structures are generated naturally during development of 
higher organisms. It is shown that his has its origin in the generation f positional information by local 
sources of morphogenetic substances and the cell geometry in which this positional information is used: 
The distribution of a substance in a file of cells (resembling the cross-section f the embryo before 
gastrulation) generated bya local source and diffusion is necessarily s mmetric, t has two slopes. The 
mechanism of local autocatalysis and long ranging inhibition by which local sources can be generated 
in an initially homogeneous population ofcells allows an understanding of why accidentally a second 
set of positional information can be generated. The result is a symmetric malformation. Partially sym- 
metric structures are also formed uring development of legs and wings of insects and vertebrates. We 
have proposed that he positional information for limb development is generated at the intersection f 
two particular borders. This leads inherently topartial symmetric patterns. The near-symmetry of insect 
wings as well as the perfect symmetric malformation f vertebrate limbs are discussed in terms of this 
model. 
INTRODUCTION 
During embryonic development, he complicated structure of a higher organism is generated 
from a single fertilized egg. In this process, symmetrical (or near-symmetrical) patterns fre- 
quently arise. An example is the two sides of a human face. The feature of symmetry in higher 
organisms contributes ubstantially to the feeling of beauty we have frequently when regarding 
living beings. How does this symmetry arise? What determines a normal symmetrical pattern-- 
like the two sides of a face mentioned above--and what is the cause of symmetrical malfor- 
mations such as, for instance, Siamese twins? 
The esthetic appeal of symmetric patterns may be misleading since, as a rule, strongly 
asymmetric--or more precisely--polar patterns, are formed. This is true not only for the main 
axes of the body: the anteroposterior axis (head to tail) as well as for substructures, for instance, 
the defined polarity of a hand from the thumb to the little finger. Even structures which appear 
strongly symmetric such as the retina are biochemically and functionally asymmetric[1,2]. The 
relation of polar and symmetric pattern can be illustrated with the dorsoventral (back to belly) 
pattern of vertebrates. Vertebrates are bilaterally symmetric except for the heart and some other 
internal organs. Nevertheless the dorsoventral development is very polar in the sense that the 
pattern on one side is different from the other side and that a continuous transition from one 
side to the other exists. The reason for this is that only the dorsoventral cross-section has this 
polar character. The actual pattern is formed on both halves of the approximately tube-like 
body. Therefore, as discussed below in detail, these two halves are symmetric to each other. 
Much evidence has been collected to show that the structures along the main body axes 
are not determined individually, but that a whole sequence of structures is generated under a 
common master control. The concept of "positional information" introduced by Wolpert[3] 
has been especially successful in explaining this feature. According to this model, graded 
concentration profiles of morphogenetic substances (to be called "morphogens") are generated 
in the developing embryo and that different concentrations are "interpreted" in different ways 
by the cells, i.e. they evoke particular pathways of cell differentiations. In this way, a graded 
concentration profile (to be called a "gradient") leads to an ordered sequence of cell differ- 
entiation in space. I will show that the hypothesis of morphogenetic gradients together with 
their mode of generation and the geometry of the tissue in which they act, provide an under- 
standing of how polar and symmetric patterns can arise during embryogenesis. 
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INSECTS AS A MODEL SYSTEM 
A butterfly with unfolded wings is a perfect example of a symmetrical pattern. The sequence 
of insect segments hows, on the other hand, a strongly polar pattern. The process of pattern 
formation in early insect embryogenesis[4] is especially convenient toclarify the relation between 
polar and symmetric pattern since the basic body pattern of the embryo becomes fixed before 
any tissue movement takes place in the course of gastrulation. The determination f the main 
body parts takes place in a cell sheet underlaying the egg shell. This cell sheet, the blastoderm, 
has thus the same ellipsoidal form as the egg. 
Many experimental observations can be accounted for under the assumption that the se- 
quence of segments arise under the control of a gradient which has its high point at the posterior 
egg pole[5,6]. Thus, a high concentration of this anteroposterior morphogen would cause 
abdominal segments while low concentrations would lead to head formation (see Fig. 5). 
For the determination f the basic body anlage in a cell sheet, a second positional infor- 
mation system is required to organize the dorsoventral (back to belly) dimension. By this 
gradient, the cells within each segment become different from each other to form e.g. a wing 
or a leg. 
While the anteroposterior g adient can arise from a point-like morphogen source, the 
dorsoventral gradient must be maintained along the whole egg length. This requires a stripe- 
like source, for instance, at the ventral side and perhaps, in addition, a stripe-like sink at the 
dorsal side (Fig. 1). How such stripe-like and point-like sources can be generated will be 
discussed below in detail. First it should be established whether the two orthogonal positional 
information systems we assume and the ellipsoidal shape of the cell sheet in which the deter- 
mination takes place can provide a working model for the types of symmetries we observe. 
ONE PEAK- -TWO SLOPES:  THE BASIS OF MANY NATURALLY  OCCURRING 
SYMMETRIC  PATTERNS 
Let us regard first a horizontal cross-section through the blastoderm. This is an elliptical 
file of cells which all have obtained the same dorsoventral positional information. At each 
particular distance from the posterior pole, both sides obtain the same anteroposterior positional 
information (Fig. 1). On the other hand, if we regard a (circular) dorso-ventral cross-section, 
all cells have obtained aparticular anteroposterior positional information. If we assume the high 
point of the dorsoventral gradient at the ventral side, the concentration decreases symmetrically 
towards the dorsal side. Each particular concentration is present wice, once on the left and 
once on the right side. Thus, particular structures such as legs or wings coded by a particular 
morphogen concentration will be present twice and in symmetric arrangement. Thus, the origin 
of normal symmetric pattern formation becomes clear. The cells which obtain a particular 
determination byone positional information system resemble a circle (or an ellipse). The second 
positional information system creates a symmetrical pattern within this circle since a single 
source plus diffusion produces in a linear array of cells necessarily two symmetrical slopes. 
Thus, we expect a symmetrical view if we regard an insect from the ventral, from the dorsal, 
from the anterior or from the posterior side despite the fact that he evoking positional information 
systems consist of a polar pattern. 
THE GENERATION OF POSIT IONAL  INFORMATION BY AUTOCATALYS IS  
AND LONG-RANGING INHIB IT ION 
The assumption of a gradient as the organizing agent of a sequence of structures in space 
contains a circular argument as long as no explanation is given how such gradient can arise. 
Turing[7] has shown in his pioneering paper that a reaction between two substances with different 
diffusiveness can lead to pattern formation. We have shown that this reaction must consist of 
a short range autocatalytic process coupled with a long-ranging inhibition of this autocatal- 
ysis[5,8,9]. A simple molecular realization of this scheme consists of an autocatalytic a tivator 
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Fig. 1. Generation of symmetric pattern by asymmetric positional information. In insects, the determination f 
the basic body pattern takes place in the blastoderm--a cell sheet of ellipsoidal shape. A positional information 
system is assumed for the anteroposterior (a) and the dorsoventral axis (c, d). A particular combination ofboth 
positional information systems i  always present twice, one on the left side, the other on the right side of the 
organism. (T2 = second thoracic segment in (a), W = wing, L = leg in (d)). The result are symmetrical 
patterns despite the fact that the evoking positional information is asymmetric. (e) Schematic view of the 
arrangement of differentiated cell states arising under these positional information systems. The blastoderm, 
approximated asa cylinder, is shown unrolled. Anteroposterior pattern is denoted l-8, the dorsoventral A-E. 
The result is a symmetrical checkerboard (the periodic haracter of the segmental pattern in insects has been 
neglected). For the pairwise determination f wings and limbs (see Fig. 6 and 7) it is important that an intersection 
of two borders (in the example 6/7 and C/D) is always present twice. 
a which catalyses in addition its own antagonist, he rapidly diffusing inhibitor h (Fig. 2). An 
example of this interaction is given in the following differential equations: 
Oa a 2 02a 
- -  = c - Ixa + Da- -  + P0 ( la )  
at -h Ox 2 
Oh O:h 
- -  = ca 2 - vh  + Dh- -  ( lb)  
Ot Ox 2" 
Such equations are easy to read even by those not familiar with differential equations. Eq. 
l(a) states that the change of the activator concentration per time unit is proportional to the 
(nonlinear) autocatalytic a-production, that the activator disappears proportional to the number 
of activator molecules present and that diffusion takes place (IX is the decay rate, Da the diffusion 
constant of the activator, c is a constant). A small activator-independent production term (P0) 
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Fig. 2. Pattern formation by autocatalysis and lateral inhibition. (a) The reaction scheme. Assumed is an activator 
which feeds back on its own synthesis (autocatalysis). It catalyses also its antagonist, he highly diffusible 
inhibitor. (b) The instability: A small local elevation of the activator (A) grows since the additionally produced 
inhibitor (I) diffuses into the surroundings where it inhibits activator production. (c) Generation of a polar 
pattern. Assumed is a linear array of cells which grows at both margins. If a critical size is exceeded, pattern 
formation starts. A polar gradient is formed since a central activator maximum requires pace for two slopes 
which is not available at the critical size. The polar pattern can be maintained upon further growth but the 
system can switch to symmetric pattern by a variety of perturbations (Fig. 3). 
is able to initiate the system at very low activator concentrations. This term is very important 
for the transition of a normal pattern to a symmetric malformation (Fig. 3) as well for the 
regeneration of the pattern in tissue fragments[5]. 
Fig. 2 provides some intuition as to why an interaction of the type described by Eq. 1 
leads to a stable pattern. It shows further that, if the total area is small (comparable with the 
range of the activator molecules), only one activator maximum can be formed. This maximum 
appears preferentially at one end of the field of cells. 
Periodic structures can arise on the basis of the activator-inhibitor mechanism if the total 
area is much larger than the range of the inhibitor. The resulting structures can have symmetric 
features uch as observed in the arrangement of leaves in plants or in the veins of leaves (for 
computer simulations and programs, see [5]). 
THE DORSOVENTRAL AXIS AND THE FORMATION OF STRIPES 
A somewhat more complicated molecular mechanism is required to generate a concentration 
profile with a gradient along one axis but with a constant concentration along the other, especially 
if the latter axis is more extended than the first. Such a system is--as mentioned above--  
required for the dorsoventral gradient. To achieve this, the area of morphogen source must not 
be point-like but has to have a stripe-like xtension. Stripe-like patterns can be generated if
two feedback loops are present which exclude each other locally but activate ach other on 
longe-range[5,10]. In this way, the two feedback loops need each other in a symbiotic manner. 
Stripes in which the one or the other feedback loop is turned on are an especially stable 
configuration since stripe formation is necessarily connected with a long common boundary, a
feature which allows an efficient mutual stabilization (Fig. 4). A cell of one type is always 
close to a cell of the other type. In the following Eq. 2, gj and g2 describe two autocatalytic 
feedback loops which compete via a common repressor r but which activate ach other by the 
highly diffusible substance s~ and s2: 
Og~ _ cs2g~ 02gl 
Ot r °tgt + Dg ~-~ + Po (2a) 
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ag2 CSlg 2 0292 
Ot - r °tg2 + Dg ~ + Po (2b) 
( Orot = cszg~ + cslg~ - ~r + O, oxZ I (2c) 
0 s__ ! = 02s 
Ot ~l(gl - &) + D, Ox 2 + Pl (2d) 
Os___j = __02s2 
Ot ~(g: - s2) + D, Ox 2 + pj. (2e) 
Equation 3 describes a lateral activation system based on the interaction of only three 
substances: 
Oa c 02a 
Ot S(K -t- b 2) txa + D. 0x 2 
Ob c" s 02b 
at (K + a 2) vb + Db Ox 2 
(3a) 
(3b) 
Os O~s 
- -  = eta - 13b 's  + D, - -  (3c) 
0 t Ox 2" 
In this interaction, the autocatalysis  of a hidden form: substance a inhibits substance b
and vice versa. Thus, an increase of a leads to a decrease of b and, in turn, this leads, due to 
the decline of b-inhibition on a, to a further a increase. Thus, the mutual inhibition causes 
autocatalysis and mutual exclusiveness. The spatial pattern results from the interaction of a and 
b via the highly diffusible substance s; a produces but s is inhibitory to the a production. In 
ACT I VATOR 
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Fig. 3. Switch from polar to symmetric patterns: the origin of symmetric malformations. A polar activator- 
inhibitor pattern (see Fig. 2) has the tendency to switch into a symmetrical pattern, if the size of the field is 
larger than the critical field size (range of the activator molecules). At the non-activated side, the inhibitor 
concentration is naturally very low and any further lowering, caused, for instance, by UV-irradiation or leakage, 
can lead to the onset of autoeatalysis which leads to a second activator maximum. A symmetrical pattern results 
(see Fig. 5). (b, c) At larger extensions of the field, symmetrical patterns are favoured even if the initial 
distribution is clearly asymmetric. Minor differences can decide whether one peak forms in the center or whether 
two peaks form at opposite nds of the field. 
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Fig. 4. Pattern formation by lateral activation. If two feedback loops (g~ and g2) exclude ach other locally but 
activate ach other on long range (via st and s:, Eq. 2), a stripe-like concentration profile of g, and g: emerges[ 10]. 
Such a pattern is, for instance, required to form the dorsoventral gradient of an insect along the whole anter- 
oposterior extension of the egg (see Fig. 1 (c)). (a) Stages in the g~/g2 pattern formation. (b) cross-section through 
the final pattern including the s, and s2 distributions. (c) Transition of a polar into a symmetrical pattern is 
possible also in the lateral activation scheme. In this example, at a too large distance from g,-cells, the g2 state 
obtains little support by sj molecules but the high s2 concentration i duces a switch of some g2-producing cells 
into g,-producing cells (calculated with Eq. 2 in a linear array of cells, gt and g2 plotted as function of time). 
The formation of symmetrical malformation i limb development (Figs. 8, 97 or of Siamese twins are assumed 
to have this origin. 
contrast, b depends on s and removes . Thus, a region in which a high a production takes 
place depends on the close proximity of a high b region for the removal of the "poisonous" s 
while the b region needs an a region for s supply. An a-b stripe (or stripes) would be the most 
stable configuration. The width of the stripe is determined essentially by the range of the a and 
b molecules. (A checkerboard-like pattern would require sharp edges and such a spatial resolution 
would require a low diffusion of a and b. Then, however, the system would tend to produce 
incoherent patches). 
SYMMETRICAL  MALFORMATIONS:  TWO SEPARATE PEAKS PROVIDE TWO SETS 
OF POSIT IONAL  INFORMATION 
In many insect species, a variety of different experimental manipulations such as egg 
centrifugation, UV-irradiation, punctuating or temporary ligation of the anterior egg pole can 
lead to a specific malformation, the double abdomen (for review, see[4]): head and thoracic 
segments are replaced by a second set of posterior abdominal segments. The same pattern can 
also arise in Drosophila embryos when the bicaudal gene is mutated in the mother fly (Fig. 
5,[11]). The activator-inhibitor mechanism entioned above provides a straightforward expla- 
nation for this instability. In normal insect development, the high point of the gradient and thus 
the activated region must be located at the posterior pole. From other experiments, we have to 
conclude that the activated region is small, confined to the posterior tenth of the egg[5,6]. Thus, 
the activator distribution is flat throughout the larger part of the egg. In contrast, the inhibitor 
with its shallow gradient is convenient to supply positional information (Fig. 5). At the anterior 
egg pole, the inhibitor concentration is low. This creates an instable situation since any further 
unspecific lowering of the inhibitor--caused, for instance, by the manipulation listed above-- 
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can, lead to the onset of autocatalysis starting from the small activator-independent a-production 
(P0), Eq. 2. Then, the new activator maximum grows and sharpens itself until it reaches an 
equilibrium with the self-produced inhibitor (see Fig. 3). The anterior egg pole is then exposed 
to the same positional information as the posterior egg pole. The result is a completely symmetric 
malformation (Fig. 5(d)). Thus, the mode of source generation by local autocatalysis and long 
ranging inhibition has an instability that a second peak arises at distance from the first. If this 
happens, a second set of positional information is generated which, together with the normal 
one, leads to a symmetrical malformation. 
SYMMETRY AND ASYMMETRY IN LIMB FORMATION 
Partial symmetry during normal development aswell as strictly symmetrical malformations 
are also common in the development of substructures such as legs or wings. For an understanding 
of how both types of symmetric structures may arise, I will explain our present view of how 
normal imb development is initiated. The determination f limbs requires certainly a primary 
subdivision along the ante~posterior and the dorsoventral xes. One could imagine that a 
combination of a particular anteroposterior and dorsoventral determination is the signal to form 
(b) 
( c ) iVY /~ 4 
I 
A I P 
(d)I 
Fig. 6. Cell determination boundaries a  organizing regions for the determination of substructures such as wings 
and legs. (a) Biological example: The wing of Drosophila consists of a dorsal and a ventral cell sheet. Both 
are symmetric toeach other. (h) It is formed from an imaginal disc[17] during metamorphosis by evagination 
and subsequent flattening ofthe central part of the disc (hatched). The lines of symmetry, the D/V border as 
well as the A/P border, are lines of clonal restrictions and are determined very early, before the disc itself is 
formed[ 14]. (c, d) Model. Assumed isthat wo cell types, A (blank) and P (dotted) have to cooperate oproduce 
a morphogen. Only in cells close to at the common border (hatched) is this cooperation possible. The result is 
a symmetrical pattern which can be differently interpreted in both cell types (I-IV and 1-4). The result could 
be a partial symmetric pattern. (d) In a cell sheet, an intersection f two borders i required. Each border 
produces a ridge-like positional information, and both together form a cone-shaped distribution, appropriate to 
determine the disc itself and the wing blade within the disc. 
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a limb: in terms of Fig. 1, for instance, the determination 6C. Such a field of cells would be 
in itself homogeneous and a type of pattern formation similar to that discussed above for the 
determination f the whole embryo would be required to determine the limb's fine structure. 
However, many experiments on limb determination suggest another mechanism: that the 
borders between adjacent determinations are used to organize the surrounding cells[12,13]. 
Imagine that he cell of the type 6 and 7 (Fig. 1) have to collaborate oproduce alimb morphogen. 
The cooperation would be possible only along the border (Fig. 6). The morphogen distribution 
would have a symmetrical ridge-like distribution centered over the boundary. The local con- 
centration is a measure for the distance of a cell from the border. 
To determine the position of a limb, a single border is certainly insufficient; an intersection 
of two borders is required. An intersection of two borders defines a unique point. In the example 
used above, this could be an intersection of the 6/7 and the C/D border (Fig. 1). Such an 
intersection determines not only the position of the limb but generates also the positional 
information for the limb's fine structure and determines thus its handedness. From the type of 
symmetry generated by the primary anteroposterior/dorsoventral coordinate system it is evident 
that a particular intersection, i.e. a particular limb, will appear in pairs (Fig. l), both have the 
opposite handedness. 
In insects which pass through a metamorphosis, legs and wings are "prefabricated" in 
imaginal discs. The cells of the discs are already determined as to which parts they form in the 
adult organism. This allows a rapid formation of the adult structure during metamorphosis nce 
it requires only that he sheet evaginates and that he cells take over their predetermined functions. 
Borders separating anterior and posterior as well as dorsal and ventral parts of the disc are well 
known as the so-called compartment borders[14,15]. I have proposed that these compartment 
borders are formed first and the imaginal discs are formed around their intersections[5,12]. A 
morphogen which is produced at the intersection of two borders, i.e. produced by cooperation 
of three sectors or four quadrants, has the shape of a cone. This model fits well with the 
experimental observation. In the leg disc, for instance, the future leg segments are determined 
in concentric rings[16]. The most distal structures, the claws of the leg, are determined in the 
center of the disc. The cone-shaped morphogen gradient with its circular contour lines would 
account for such a pattern in a straightforward manner (see Fig. 8). 
The situation is similar in the wing disc. The central part which surrounds the intersection 
of the borders forms the wing proper (Fig. 6,[17]). The cells at the margin form thoracic 
structures to which the wing is attached. The cone-shaped distribution is convenient to separate 
both cell populations from each other as well as the disc cells from the cells of the surrounding 
larval ectoderm. The two borders with their symmetrical pattern at both sides account for the 
partial symmetry we see in the insect wing (Fig. 6(a)). Thus, the mechanisms of cooperation 
of compartments provide a very natural coordinate system for the observed arrangement of
pattern elements. 
In arthropods or insects, leg formation is a periodic event, similar to segmentation itself. 
The process of segmentation can be explained under the assumption that during embryogenesis 
a periodic iteration of three cell states, called S, A and P is formed[5,18]. The juxtaposition 
of S and P cells leads to the formation of a segment border while the A-P border is, as discussed 
above, a prerequisite of leg and wing formation. The A-P border is thus already formed during 
the process of segment formation and is used a second time, for the determination f appendages. 
The positional information generated by the boundary mechanism is in principle sym- 
metrical on both sides of the border. However, the resulting pattern can be asymmetric since 
the cells are necessarily different on both sides of the border. The most extreme way to generate 
an asymmetric pattern out of the symmetrical positional information seems to be used in the 
anteroposterior determination f vertebrate limbs where only one of the two tissues can respond 
to the morphogen[ 19]. The competent cells are thus exposed to one half of a symmetrical, bell- 
shaped istribution (Fig. 7), i.e. to a monotonic gradient. This asymmetric pattern is appropriate 
to determine the polar sequence of the digits. The digits are formed along the line termed the 
apical ectodermal ridge, a structure which is very early visible. I assume that this ridge is caused 
by a dorsoventral border. Since both the dorsal and the ventral side of the border are used, the 
resulting pattern, for instance of a hand, is partially symmetric along the line of digits. 
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Fig. 7. Determination of vertebrate limbs. (a) The intersection of an A/P and a D/V border is assumed to 
generate a limb field. The morphogen resulting from the A-P cooperation is primarily symmetric (see Fig. 6). 
Since only the A-cells are competent to respond, the resulting pattern (the sequence of digits) is asymmetric. 
(c) The outgrowing limb consists thus mainly of A-tissue. The digits are assumed to be formed along a D/V 
border. This model accounts for many experimental observations observed after graft operations[13]. (d) Since 
both sides of the D/V border contribute to the limb, the dorsal and ventral side of a limb is partially symmetric. 
SYMMETRICAL  MALFORMATIONS OF LEGS AND WINGS 
Symmetrical malformation of appendages occurs spontaneously and more frequently after 
certain experimental treatments. A particular genetic background can increase the frequency. 
Bateson[20] collected a large number of spontaneously arisen leg triplication of a variety of 
insect species and found that two of the three legs are mirror images of each other. A more 
systematic investigation was possible with the discovery of a mutation in Drosophila which 
causes leg duplication and triplication with high frequency after heat shock. According to the 
model, a leg duplication occurs if a second intersection of the two compartment borders is 
formed (Fig. 8). In the Drosophila-mutation just mentioned it has been shown that the heat 
treatment primarily causes ome cell death and that this leads to a respecification f some cells 
of the anterior compartment into posterior cells[21,22]. As explained in detail in Fig. 8, this 
leads to new intersections and thus to one or two additional legs. The symmetry relations 
predicted by the model agree precisely with that observed by Bateson: in a triplication the three 
legs appear in a plane since they arise along the (linear) dorso-ventrai border. The outer two 
legs have the same handedness as a normal eg would have at this side while the central eg 
has opposite handedness (Fig. 8). 
Duplication and triplication are known to occur also in vertebrates. Fig. 9 provides ome 
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Fig. 8. Symmetrical malformations in insect legs. (a, b) After heat shock of Drosophila embryos of certain 
genetic backgrounds, upernumerary legs are formed[21,22]. (a) Two mirror-symmetric legs grow out of a 
single leg stump. (b) Three legs are formed instead of a single leg. (c-e) Model: The normal leg is formed at 
the intersection of two--the anteroposterior and the dorsoventral--compartment borders. The cone-shaped 
morphogen distribution, generated around this intersection, is appropriate for the circular arrangement of pattern 
in the disc. If some of the A-cells switch into P-cells (see Fig. 4(c)), one (d) or two (e) new intersections are 
formed. The resulting morphogen profile is completely (d) or partially (e) symmetric, in agreement with the 
observations (a, b). In agreement with the experimental observations, the model predicts that the three legs of 
the triplicated leg are arranged along a line, i.e. in a plane and not like the legs of a photographic tripod since 
the new intersections are formed on the dorsoventral compartment border. The two outer legs have the same 
handedness a a normal eg while the central leg has opposite handedness (arrows). Thus, the model provides 
a rationale for Bateson's rules[20]. (a, b after photographs kindly provided by J. Griton, see[21]). 
examples. Again we expect that respecifications lead to new intersections and thus to super- 
numerary or symmetrical limbs. The model predicts that symmetrical l imbs are possible with 
two little fingers but never with two thumbs at each end. To my knowledge, the observed 
malformations follow that prediction. 
PROBLEMS IN GENERATING CARDINAL AXES ON A SPHERE 
Let us go back to the primary pattern formation of the embryo. For the discussion of the 
coordinate system in insect embryogenesis, t was essential that the egg has a long anteroposterior 
extension and a small dorsoventral extension to generate the symmetrical checkerboard-like 
pattern as the primary grid of positional values (Fig. 1). Other eggs, for instance those of 
amphibians, have quite precisely a spherical shape. How can such a coordinate system be 
generated in a spherically shaped cell sheet? Further, how can it be achieved that both the 
anteroposterior and the dorsoventral xes are kept perpendicular toeach other? During oogenesis, 
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Fig. 9. Symmetrical malformations i  vertebrate limbs[13]. The A and P regions which give rise to the limb 
field (Fig. 8) are assumed tostabilize ach other by long range activation (see Fig. 4). If this mutual stabilization 
is insufficient, a partial switch from A to P or vice versa can occur (Fig. 4c). A patch of new P-cells in an A 
region (P*) or of A-cells in a P region leads to an A region which is bordered on both sides with P-cells. Thus, 
the model predicts posterior to the normal limb the formation of a symmetrical supernumerary limb which carries 
the posteriormost digit, the little finger at each end. (b) The bones of a frog with such a malformation (after[27]). 
(c) If an A-P respecified group of cells extends up to the anterior margin of the A region, only one additional 
intersection appears. The result would be a symmetrical limb with two little fingers at each end. The model 
predicts that a symmetrical limb with two thumbs is impossible (since an A-P-A configuration would lead to 
two separate limbs). (d) An observed symmetrical limb of a human. (after[20].) 
the amphibian and the sea urchin eggs obtain a strong animal-vegetal polarity. The dorsoventral 
axis is comparatively abile and can be reoriented in both species by experimental manipula- 
tions[23,24]. However, the high dorsal (or ventral) point appears only at a certain distance from 
the animal and vegetal pole, i.e. on an approximately equatorial ring. This suggests how the 
two axes are kept perpendicular: A first pattern is created and the high point of the second 
positional information system has to appear at a certain intermediate l vel of the first. However, 
two high points on a sphere would not create a coordinate system like that we are familiar with 
on the earth consisting of parallels of latitude and meridians ince a high equatorial point would 
create a second set of concentric ircles (Fig. 10(a)) but not a symmetric heckerboard such as 
shown in Fig. 1. 
There are two ways out of this problem. Either the dorso-ventral pattern has, similarly to 
insects, a long extension. This could be achieved by the formation of a dorsal and a ventral 
hemisphere and the border between the two runs through the animal and vegetal pole. The 
dorso-ventral positional information would be measured as the distance from the border between 
the dorsal and ventral hemisphere in a similar way as discussed above for the legs and wings. 
However, this would require some sort of size regulation since the circumference is much larger 
at the equator than near the pole. A way to avoid the size regulation problem is to use only a 
small part of the sphere (which is in fact a nearly flat sheet of cells). This geometry is used in 
chickens where the future embryo proper, the area pellucida occupies only a small fraction of 
the surface of the spherical yolk. 
Another mode is suggested by the gastrulation of amphibians. At later blastula stage, the 
cells along a line situated somewhat below the physical equator begin to move into the hollow 
sphere. It could be that the cells obtain their final determination during this gastrulation. Thus, 
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Fig. 10. Pattern formation on a sphere. (a) Two sources of morphogens ona sphere are inappropriate to generate 
a symmetrical checkerboard-like pattern such as required to determine a normal body plan (compare with Fig. 
l(e)). (b) A subdivision i to three pairs of hemispheres (A/P, D/V and L/R) provides a more convenient 
coordinate system which easily can be kept orthogonal by an appropriate coupling. Limbs, for instance, would 
be formed along the D/V border (see Fig. 7) at a certain distance from the anterior pole (Ant, a DV/LR 
intersection). Centrally determined structures such as the notochord, orsal fins etc. could be determined by
the L/R border. In general, the position of an organ would be determined byratios of positional information 
given as the distance from the L/R and D/V borders. A switch into a symmetrical pattern (for instance 
L/R/L or D/V/D, see Fig. 4(c)) could lead to Siamese twins. 
determination would take place in a ring, at a certain distance from the animal and vegetal pole. 
This would lead to the symmetrical checkerboard (Fig. 1). 
TWO OR THREE CARDINAL AXES? 
In principle, two cardinal axes are sufficient o organize a bilaterally symmetric organism. 
However, a third axis would simplify the interpretation of positional information and would 
facilitate the maintenance of cardinal axes orthogonal to each other. Let us assume a primary 
subdivision of the sphere into three pairs of hemispheres, for instance into an anterior (A) and 
a posterior (P), into a dorsal (D) and a ventral (V) as well as into a left (L) and a right (R) 
hemisphere (Fig. 10b). The mechanism of lateral activation mentioned above would be appro- 
priate for this pattern formation. The axes of the three pairs of hemispheres would orient 
themselves perpendicular to each other if the condition for a high D or high V concentration 
would be a high R and a high L concentration, i.e. a R/L border. Similarly, the condition for 
a high R or high L would be a D/V border. To keep the AP pair perpendicular to the two other 
pairs, the condition for a high A or a high P concentration would be a D/V and a L/R border 
(Fig. 10(b)). 
What would be the advantage of such a system? In a pure A /P -D/V  system, dorsalmost 
and ventralmost structures must be initiated at the corresponding maximum concentrations. A 
system which detects the maxima would be required. The addition of a L/R system would 
provide the appropriate signal for all structures which have to appear along the dorsal or ventral 
midline, for example the notochord, dorsal fins of fishes or the ventral furrow of insect gas- 
trulation. The somites may be specified not only by a certain D/V level but by a combination 
of D/V and L/R. The condition for tail formation would be an intersection of the D/V and the 
R/L border in the posterior hemisphere. 
A direct experimental proof for the existence of a L/R pattern is not yet available. In 
Drosophila, Niisslein-Volhard[25] found surprisingly many mutations (about 10) which abolish 
dorso-ventral pattern formation. Since we expect a close coupling between the D/V and the 
L/R pattern, it could be that some of these mutations affect primarily the L/R pattern and thus 
secondarily the D/V pattern. If this would be indeed the case, we would expect asymmetric 
left and right portions of the body (measured from the dorsal and ventral midline) in leaky 
mutations. Since changes in the D/V pattern are easier to detect, these mutations could be 
classified as pure D/V mutations. In mice, by breading and selection, strains have been obtained 
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which carry an enlarged whisker field (a field of sensory hairs in the face)[26]. Either the fight 
or the left field can be enlarged in different strains, indicating that the two sides are not determined 
just by the two symmetrical s opes of one peak. In the model, an enlarged R or L half would 
provide an explanation. According to the lateral activation mechanism for the L/R pattern, the 
genetic basis for such an enlargement would be an altered autocatalysis of the R or L system. 
S IAMESE TWINS ARE A PARTICULAR TYPE OF SYMMETRIC  MALFORMATIONS 
If the D/V and L/R hemispherical pattern are generated by a lateral activation mechanism, 
they would contain an instability to switch into a symmetrical pattern (Fig. 4), similar to that 
discussed for the anteroposterior pattern of insects (Fig. 5). Symmetrical malformations--Siamese 
twins--could result. They can be fused at the dorsal or ventral side (back or belly) but also 
laterally. In terms of the model, the first malformation would occur if instead of a D/V pattern 
a D/V/D or a V/D/V pattern is formed. Laterally fused twins would suggest a L/R/L or a 
R/L/R instead of a L/R pattern. Indeed, it has been frequently observed that one of the siblings 
has a situs inversus. 
CONCLUSION 
Normal symmetrical or near-symmetrical p tterns arise from the two slopes of a positional 
information system which is generated by a local source and diffusion to both sides in a file of 
cell. Strictly symmetrical malformation develops if accidentally a second source is formed. The 
mechanism by which local sources can be generated--short-range autocatalysis and long-range 
inhibition--suggests why a transition from one to two sources can occur. 
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